ABSTRACT Plant hormones have been extensively studied for their importance in innate immunity particularly in the dicotyledonous model plant Arabidopsis thaliana. However, only in the last decade, plant hormones were demonstrated to play conserved and divergent roles in fine-tuning immune responses in rice (Oryza sativa L.), a monocotyledonous model crop plant. Emerging evidence showed that salicylic acid (SA) plays a role in rice basal defense but is differentially required by rice pattern recognition receptor (PRR) and resistance (R) protein-mediated immunity, and its function is likely dependent on the signaling pathway rather than the change of endogenous levels. Jasmonate (JA) plays an important role in rice basal defense against bacterial and fungal infection and may be involved in the SA-mediated resistance. Ethylene (ET) can act as a positive or negative modulator of disease resistance, depending on the pathogen type and environmental conditions. Brassinosteroid (BR) signaling and abscisic acid (ABA) either promote or defend against infection of pathogens with distinct infection/colonization strategies. Auxin and gibberellin (GA) are generally thought of as negative regulators of innate immunity in rice. Moreover, GA interacts antagonistically with JA signaling in rice development and immunity through the DELLA protein as a master regulator of the two hormone pathways. In this review, we summarize the roles of plant hormones in rice immunity and discuss their interplay/crosstalk mechanisms and the complex regulatory network of plant hormone pathways in fine-tuning rice immunity and growth.
InTRoDuCTIon
During the co-evolution of plants and their associated microbes, plants developed a complicated immune system against microbial pathogens, which genetically coordinates various defense pathways that lead to different outcomes. Plant immune responses to pathogens rely on rapid sensing of pathogen-associated molecular patterns (PAMPs) by defined pattern recognition receptors (PRRs) that initiate PAMP-triggered immunity (PTI) (Boller and Felix, 2009; Zipfel, 2009) , or resistance (R) proteins that recognize effector proteins secreted by microbial pathogens to activate a strong disease-resistance response (effector-triggered immunity, ETI). ETI is usually associated with hypersensitive response (HR, a form of programmed cell death or autophagy) at sites of infection (Jones and Dangl, 2006; Block and Alfano, 2011) , and may activate secondary immune responses in distal uninfected tissues, resulting in so-called systemic acquired resistance (SAR) (Durrant and Dong, 2004) . During these immune responses, plant hormones such as salicylic acid (SA), jasmonates (JAs), and ethylene (ET) act as signals to trigger and mediate a diverse array of defense responses (Spoel and Dong, 2008) .
Plants encounter various abiotic and biotic environmental stresses during their lifetime. To complete their life cycle under stresses, plants have developed sophisticated mechanisms to sense changes in environmental conditions and modulate their growth and development to cope with or adapt to different stress conditions. During the past decade, researchers also found that growth-controlling hormones, such as auxin, gibberellic acids (GAs), brassinosteroids (BRs), and abscisic acid (ABA), are actively involved in plant immunity and thereby fine-tune immunity and growth/development in plants ( Bari and Jones, 2009; Grant and Jones, 2009 ). In particular, it is known that a dozen mutants with constitutive activation of defense often attenuate growth, whereas mutations in genes that function in growth and development often alter disease resistance. Therefore, activation of plant defense responses could generally consume the growth and development. This is often called defense cost/penalty primarily due to crosstalks among hormone pathways. Current knowledge about the hormone-based defense signaling pathways and the interplay between the immunity and growth largely rely on studies in Arabidopsis.
As a monocotyledonous plant and one of the most important staple food crops for which the entire genome has been sequenced, rice (Oryza sativa L.) is a model to study the biology of cereal crops. In contrast to the extensive studies on disease-resistance mechanisms in Arabidopsis, relatively limited information is available on molecular mechanisms of immune responses and roles of hormones in rice during the process, although a number of rice resistance genes have been cloned and functionally characterized. Nonetheless, increasing efforts are being made to elucidate the roles of various hormones in rice immunity during the last decade. This review focuses on recent findings to discuss how hormones function in defense responses and how their interactions may modulate defense growth in rice.
SA PLAYS A RoLE In RICE BASAL RESISTAnCE
Rice plants usually maintain high levels of free SA in leaves and shoots and low levels of that in roots and suspension cells (Silverman et al., 1995; Chen et al., 1997) . Intriguingly, rice plants did not show increased accumulation of SA after inoculation with Pseudomonas syringae, Magnaporthe grisea, or Rhizoctonia solani (Silverman et al., 1995) . However, rice plants indeed respond to exogenous SA treatment, including the induction of SA glucosyl-transferase expression (Silverman et al., 1995) and H 2 O 2 accumulation, implying the potential role of SA in redox homeostasis (Ganesan and Thomas, 2001) . One piece of evidence supporting that SA may play a role in rice biotic and abiotic stress responses came from the transgenic rice plants overexpressing the bacterial NahG gene, which encodes a SA-degrading hydroxylase. The SA-deficient NahG rice exhibited elevated levels of superoxide and H 2 O 2 and spontaneous lesion formation in an ageand light-dependent manner. More importantly, NahG rice plants are more susceptible to oxidative stress caused by rice blast infection and abiotic stresses (Yang et al., 2004) , suggesting that SA plays a role in rice immunity against pathogen infection, although it was known that the compromised resistance in Arabidopsis NahG plants might be caused by the by-product (catechol) of the NahG activity (Van Wees and Glazebrook, 2003) .
In Arabidopsis, NON-EXPRESSOR OF PR 1 (NPR1) is a key regulator of the SA signaling pathway, and many SA-responsive genes are dependent on NPR1 (Dong, 2004) . SA not only regulates the NPR1 trafficking from the cytoplasm into the nucleus, but also modulates NPR1 protein levels through the ubiquitin/26S proteasome system (Spoel et al., 2009 ). Yeast two-hybrid screens reveal the protein-protein interaction between AtNPR1 and several members of the TGA family of bZIP transcription factors (Spoel et al., 2009) . Moreover, overexpression of AtNPR1 in rice greatly increased resistance to Xanthomonas oryzae pv. oryzae (Xoo) (Chern et al., 2001) . Furthermore, AtNPR1 could interact with the rice transcription factor TGA family in the yeast two-hybrid assay (Chern et al., 2001 ). In addition, overexpression of the ortholog of AtNPR1, OsNPR1 (also known as NH1, NPR1 homolog 1) in rice also dramatically enhanced disease resistance to Xoo and constitutively activated defense-related genes (Chern et al., 2005b; Yuan et al., 2007) . The studies implicate that the NPR1-dependent SA pathway is likely conserved in rice. Our recent study further demonstrates that the endogenous SA is required for OsNPR1-mediated resistance, since the NahG overexpression completely compromised OsNPR1 function in the transgenic OsNPR1-OE/NahG plants (Yang, 2009) . Considering that the endogenous SA level in rice did not accumulate in response to pathogens infection (Silverman et al., 1995) but instead increased after herbivore feeding (Tong et al., 2012) , the involvement of SA in rice defense responses was suggested to be more dependent on the SA signaling but less on the SA level (Yuan et al., 2007) . Consistently with this notion, PR gene expression in the NahG rice was not significantly reduced by SA deficiency (Yang et al., 2004) . Although the SA signaling pathway is conserved in rice immunity, the SA level may be less critical in mediating rice defense responses, in contrast to its importance in Arabidopsis immunity.
In support of functionally conserved SA signaling in rice immunity, some components involved in the SA signaling have been identified during the past several years. By forward genetic screening, SNL6 (suppressor of BTH-induced, NH1-mediated lesion mimic 6), which encodes the cinnamoyl-CoA reductase (CCR)-like protein, was identified to be required for the expression of pathogenesis-related genes and OsNPR1-mediated resistance against Xoo (Bart et al., 2010) . Mutation in SNL6 rendered the rice plant to accumulate less lignin, while the relationship between lignin accumulation and OsNPR1-mediated resistance needs further investigation. The WRKY transcription factor gene, OsWRKY45, was transcriptionally induced by the treatment of SA and BTH (Benzothiadiazole, an SA analog). Overexpression of OsWRKY45 enhanced rice blast resistance, whereas knocking down of OsWRKY45 expression by RNAi compromised BTH-induced resistance to blast. Those studies suggest that OsWRKY45 plays an essential role in BTH/SA-mediated defense responses (Shimono et al., 2007) . Intriguingly, the action of OsWRKY45 in defense was independent of OsNPR1. Another WRKY gene, OsWRKY13, was shown to modulate the expression of SA biosynthetic and responsive genes. Therefore, overexpression of OsWRKY13 also enhanced resistance to both bacterial blight and fungal blast (Qiu et al., 2007 (Shen et al., 2010b) . The enhanced disease resistance was found to be accompanied by SA accumulation and up-regulation of SA signaling genes, suggesting the involvement of the MPK cascade in modulating the SA pathway in rice (Shen et al., 2010b) .
SA IS DIFFEREnTIALLY REQuIRED BY RICE PRR oR R PRoTEIn-MEDIATED IMMunITY
SA is usually associated with R gene-mediated disease resistance, and SA-deficient mutants often compromised R genemediated resistance in Arabidopsis. It has been known that the regulators of SA biosynthesis such as EDS1 (ENHANCED DISEASE SUSCEPTIBLE1) and PAD4 (PHYTOALEXIN DEFICIENT 4) are required for the TIR-NBS-LRR R protein-triggered SA accumulation and disease resistance (Wiermer et al., 2005) , whereas NDR1 (NON-RACE-SPECIFIC DISEASE RESISTANCE 1), a glycophosphatidyl-inositol-anchored plasma membrane protein, regulates the signaling pathway for the subset of R proteins, CC-NBS-LRR-type (Bernoux et al., 2011) . Therefore, the two types of R proteins require specific downstream components to regulate SA biosynthesis and activate disease resistance.
In rice, the PRR XA21 is a receptor-like kinase that confers resistance against the majority of strains of Xoo (Song et al., 1995) . Recently, AX21, the PAMP that is recognized by XA21, was identified as a type-I secreted peptide (Lee et al., 2009 ). In rice, SA is required for XA21-mediated full resistance to Xoo, because we observed that Xoo resistance was decreased but not completely abolished in the Xa21/NahG plants (Yang, 2009) . NRR1, the OsNPR1-interacting protein, is a negative regulator of the SA signaling pathway, which inhibits the transcriptional activity of OsNPR1 via protein-protein interaction (Chern et al., 2005a (Chern et al., , 2012 . Overexpression of NRR1 compromised not only basal defense, but also XA21-mediated resistance (Chern et al., 2005a) . This result demonstrates that OsNPR1 is likely required for XA21-induced full PTI. Taken together, the pathway of SA-OsNPR1 contributes to PTI in rice. However, SA is dispensable for the R genemediated resistance against rice blast in the case of the Pigm (Yang, 2009) , which is located in an NBS-LRR R gene cluster (Deng et al., 2006) . These studies suggest that, in contrast to Arabidopsis, rice might have evolved a different strategy for SA requirement in different immunity pathways (PTI and ETI), although more experiments that test more diverse R genes are needed.
RoLE oF JASMonATES In RICE DEFEnSE
JAs, including jasmonic acid and methyl jasmonate (MeJA), are a group of lipid-derived hormonal molecules that regulate many aspects of growth development, as well as abiotic and biotic stresses, in particular defense to herbivores and necrotrophic pathogens (Browse, 2009) .
Treating rice plants with JA induced expression of a number of PR genes such as OsPR1a (Agrawal et al., 2000a ), OsPR1b (Agrawal et al., 2000b , OsPR2 (Simmons et al., 1992) , OsPR5 (Rakwal and Komatsu, 2000) , and OsPR10 (Jwa et al., 2001) in rice, suggesting that JA plays a role in rice immunity. Indeed, exogenous application of JA increased resistance against rice blast as expected (Mei et al., 2006) . Similarly, increased endogenous JA levels by overexpression of OsAOS2 that encodes an allene oxide synthase, a key enzyme in JA biosynthesis, up-regulated PR gene expression and enhanced disease resistance against rice blast (Mei et al., 2006) .
The F-box protein CORONATINE INSENSITIVE 1 (COI1) is the principal JA receptor in Arabidopsis and other plants (Browse, 2009) . OsCOI1-RNAi transgenic rice plants have decreased the JA response and the sensitivity to MeJA (Yang et al., 2012) . Interestingly, the OsCOI1 knockdown plants showed decreased resistance to both Xoo and Magnaporthe oryzae (Yang, 2009) . Thus, the function of OsCOI1 as the JA receptor is likely conserved in rice. Most recently, it was found that a rice jasmonate ZIM-domain protein, OsJAZ8, interacts with OsCOI1 in a coronatine-dependent manner. Transgenic rice plants overexpressing OsJAZ8ΔC, which encodes the truncated protein of OsJAZ8 with deletion of the Jas domain that is responsible for JA-dependent OsJAZ8 degradation, exhibited JA-insensitive phenotype and reduction of the JA-induced resistance to Xoo (Yamada et al., 2012) . These studies confirmed that JA signaling plays an important role in rice basal defense against bacterial and fungal pathogens. In Arabidopsis, it is notable that the NPR1 is required for repressing JA signaling by the SA pathway (Spoel et al., 2003) . Surprisingly, the OsCOI1-mediated JA pathway was indispensable for the disease resistance conferred by OsNPR1 (Yang, 2009) . In light of the synergistic effect existed between JA and SA in Arabidopsis, further investigation on the molecular mechanism underlying the requirement of OsCOI1 for the SA-OsNPR1 signaling pathway-mediated immunity will contribute to our understanding of the interplay between SA and JA in rice.
Most recently, the rice HPL3 gene, which encodes a hydroperoxide lyase (HPL), has been characterized to mediate plant-specific defense responses in rice (Tong et al., 2012) . OsHPL3 positively or negatively modulates resistance to different herbivores by regulating the oxylipin pathway from which JA was produced. Interestingly, both SA and JA were elevated in the hpl3 mutant, which consequently showed enhanced disease resistance to Xoo (Tong et al., 2012) . Consistently with previous reports (Mei et al., 2006; Yang et al., 2008) , these studies indicate that both SA and JA are involved in rice immunity to fungal and bacterial pathogens. However, the synchronous activation of the SA and JA signaling pathways is likely rare in the Arabidopsis (Devadas and Raina, 2002) . 
ETHYLEnE In RICE DEFEnSE
ET regulates various growth and developmental processes including seed germination, seedling growth, organ development, fruit ripening, and organ senescence and abscission (Yoo et al., 2009) . It is also involved in responses to stresses, such as salt, drought, cold, flooding, and microbe and insect infection (Yoo et al., 2009) . Depending on the pathogen type and environmental conditions, studies have demonstrated that ET could act as a positive or negative modulator of disease resistance (Broekaert et al., 2006; Van Loon et al., 2006) .
It has been shown that flood-or hypoxia-induced ET biosynthesis was important for field resistance to M. oryzae in rice (Singh et al., 2004) . Exogenous application of ET biosynthesis inhibitor and ET generator could decrease and increase rice blast disease resistance, respectively (Singh et al., 2004) . In addition, ET emission was induced earlier during the incompatible reaction than during the compatible interaction with M. oryzae (Iwai et al., 2006) . The elevated ET production coincided with the appearance of HR and induction of the defense-related genes (Iwai et al., 2006) . Treatment with an inhibitor of ET biosynthesis suppressed the ET emission resulting in expanded lesion instead of HR lesion (Iwai et al., 2006) . Moreover, inducible overexpressing of ACS2, a key enzyme for ET biosynthesis, significantly enhanced host resistance against both rice blast and sheath blight pathogens. Interestingly, those transgenic rice plants did not show a trade-off effect on growth and grain production (Helliwell et al., 2012) . These reports suggest that ET plays an important role in rice basal immunity against the fungal infection. However, it was also proposed that cyanide, the co-product of ethylene, but not ethylene itself, is required for the Pi-imediated resistance against rice blast (Seo et al., 2011) . We also did not find the involvement of ET signaling in disease resistance mediated by either OsNPR1, XA21 or Pigm (Yang, 2009) . However, more experiments are certainly required to further dissect ET function in rice immunity.
ENHANCED DISEASE RESISTANCE 1 (EDR1) encodes a CTR1-like kinase and functions as a negative regulator of ethyleneinduced senescence and disease resistance in Arabidopsis. Transgenic rice plants knock down the EDR1 orthologous gene, OsEDR1, exhibited the deceased expression of the ACC synthase (ACS) family gene, which encodes the rate-limiting enzymes of ethylene biosynthesis. Those plants showed enhanced resistance to Xoo associated with HR lesions and increased accumulation of SA and JA but decreased ACC, the precursor of ethylene (Shen et al., 2010a) . This suggests that ethylene plays a negative role in rice immunity to Xoo and that OsEDR1 transcriptionally promotes the synthesis of ET, which, in turn, suppresses SA-and JA-associated defense signaling. However, this result is opposite to many of other studies demonstrating that ET and JA function cooperatively in plant defense particularly in Arabidopsis (Robert-Seilaniantz et al., 2011) .
GIBBERELLIn STIMuLATES DISEASE AnD AnTAGonISTICALLY InTERACTS WITH JA In RICE
GAs were originally identified from the fungal pathogen Gibberella fujikuroi (Yabuta and Sumiki, 1938) , which caused highly elongated rice named 'bakanea rice' or 'foolish seedlings' disease. However, the importance and mechanism of GA signaling in pathogenesis started to be understood only recently. The rice dwarf virus (RDV) infection greatly inhibits rice growth and caused the infected rice dwarfism with darkgreen leaves, which resemble the phenotypes of GA-defective mutants. The disease symptoms could be alleviated by exogenous GA treatment (Zhu et al., 2005) . The outer capsid protein P2 of RDV interacted with the rice ent-kaurene oxidases (KO/KOL), which functions in biosynthesis of GAs (Zhu et al., 2005) . This protein-protein interaction decreased the expression of KO/KOL genes, leading to decreased level of bioactive GA 1 in the infected plants. Interestingly, another study showed that OsKOL4 and OsKOL5 likely take part in phytoalexin biosynthesis (Itoh et al., 2004) . Given that the RDV P2 protein interacts with OsKOL4 and reduces transcript levels of OsKOL4 and OsKOL5 (Zhu et al., 2005) , it is possible that RDV P2 targets KOL enzymes for inhibition of their activities, resulting in the decreased phytoalexin biosynthesis and reduced rice defense.
The rice ELONGATED UPPERMOST INTERNODE 1 (Eui1) gene encodes a novel GA inactivating enzyme (also named CYP714D1), mutations in Eui1 over-accumulates bioactive GAs that lead to highly elongated internodes, whereas Eui1 overexpression depletes GA accumulation and greatly decreases plant height (Zhu et al., 2006; Zhang et al., 2008b) . The eui1 mutants and Eui1 overexpression lines exhibited decreased and increased disease resistance to both Xoo and M. oryzae, respectively (Yang et al., 2008) . Consistently with this, exogenous application of GA 3 and GA synthesis inhibitor was shown to reduce and enhance disease resistance of rice plants, respectively. Furthermore, the induction of PR1 and SA or JA accumulation was affected by GA level (Yang et al., 2008) . Recently, it was also reported that regulation of GA level by OsGA20ox3 in transgenic plants altered rice disease resistance against Xoo and M. oryzae (Qin et al., 2012) . These studies uncovered an unknown role of GAs in pathogenesis of bacterial and fungal pathogens. Given that GA-deficient G. fujikuroi mutants did not affect fungal growth in the medium (Robert-Seilaniantz et al., 2007) , it is tantalizing to speculate that GAs produced by the pathogens have a pathogenic role in plants.
In addition to the GA levels, the GA signaling was also involved in disease resistance in rice. Mutations in SLENDER RICE 1 (SLR1), the only DELLA protein gene in rice that represses GA signaling (Ikeda et al., 2001) , greatly increased disease susceptibility against Xoo (Yang, 2009 (Midoh and Iwata, 1996; Tanaka et al., 2006) . The probenazole inducible protein PBZ1, which was also inducible by M. oryzae infection, was found highly accumulated in gid1 mutant (Midoh and Iwata, 1996) . Therefore, the GA signaling pathway may directly affect the accumulation of certain PR proteins in rice. However, activation of the GA signaling pathway did not compromise XA21-mediated resistance to Xoo by assaying the disease performance of XA21/eui1 plants that accumulate extremely high levels of GAs (Yang, 2009) .
The DELLA proteins act as a key regulator of diverse hormone signaling pathways. Indeed, it was shown to positively regulate disease resistance in rice. More importantly, SLR1 appeared to serve as a main target of JA-mediated growth inhibition and immunity, and was required for the induction of JA-responsive genes such as OsMPK7. Furthermore, the slr1 mutant exhibited reduced JA sensitivity (Yang et al., 2012) . Therefore, the DELLA protein functions in rice immunity as well as in growth at least partially through its crosstalk with the JA signaling pathway in rice.
In contrast to its positive role in rice disease resistance, DELLA proteins promote susceptibility to virulent biotrophs but enhance resistance to necrotrophs in Arabidopsis (Navarro et al., 2008) . This differential role of DELLA proteins in Arabidopsis could be explained by balancing of SA and JA signaling through DELLA (Navarro et al., 2008) . Nevertheless, the different impacts of DELLA protein in rice and Arabidopsis immunity suggest that there might be evolutionary or signaling divergence between rice and Arabidopsis. Differential outputs of DELLA protein(s) in rice and Arabidopsis immunity might result from fine-tuning of the GA and JA pathways in the face of pathogen attack. With this scenario, the 'Green Revolution' for increasing crop production conferred by modulating GA metabolism or signaling could be partially attributed to increased disease resistance in cereals.
AuXIn IS A nEGATIVE REGuLAToR oF InnATE IMMunITY In RICE
As an important plant hormone, auxin regulates nearly all the developmental processes. The IAA functions as 'molecular glue' to mediate the interaction between the auxin receptors (F-box proteins encoded by the TIR1 gene family) and AUX/IAA proteins. The interaction between TIR1 and AUX/IAAs leads to ubiquitylation and degradation of AUX/IAA proteins, which release the transcription activity of ARF proteins to activate/suppress the expression of auxin-responsive genes. At least genes within three gene families are induced by auxin: the AUX/IAA, GH3, and the small auxin-up RNA (SAUR) (Teale et al., 2006) .
It has been reported that many plant pathogens produce IAA during infection (Fett et al., 1987; Kazan and Manners, 2009 ). Increasing evidence shows that auxin stimulates disease susceptibility in the model plants Arabidopsis and rice. In Arabidopsis, recognition of flagellin (i.e. flg22) induces the microRNA miR393, which targets the auxin receptor genes (TIR1, AFB2, and AFB3) for cleavage, resulting in the repression of auxin-responsive gene expression and increased disease resistance (Navarro et al., 2006) . This work not only demonstrates that auxin is a negative regulator in plant disease resistance, but also reveals that the plant launches immunity through the PTI machinery to repress auxin signaling. Interestingly, plant defense hormone SA can restrict disease partially through down-regulation of auxin signaling . Furthermore, the type III effector protein avrRpt2 was found to increase disease susceptibility by elevating free IAA levels and auxin sensitivity in Arabidopsis (Chen et al., 2007) .
The GH3 genes encode IAA-amido synthetases that are involved in the regulation of auxin homeostasis by conjugating excess IAA to amino acids (Staswick et al., 2005) . The gain-of-function mutant of Arabidopsis GH3.5 elevated SA accumulation during compatible interaction with the virulent strain of Pseudomonas syringe resulting in suppression of pathogen growth. In contrast, overexpression of GH3.5 increased IAA accumulation and thus enhanced disease symptoms during the incompatible interaction with the avirulent strains of P. syringe (Zhang et al., 2007) . Similarly, auxin is also required for susceptibility during Xoo infection in rice. Xoo infection was accompanied by accumulation of IAA in rice. Overexpression of OsGH3.8 prevented IAA accumulation and significantly enhanced disease resistance against Xoo, which was independent of SA and JA signaling but dependent on expansins that likely loosen the cell wall during pathogen infection (Ding et al., 2008) . Similarly to the case of OsGH3.8, constitutive expression of OsGH3.1 leads to reduced auxin levels and enhanced resistance to fungal pathogen M. oryzae, with activation of defense-related genes (Domingo et al., 2009) . Moreover, OsGH3.2 acted as a minor quantitative trait locus (QTL) in rice disease resistance (Wen et al., 2003; Fu et al., 2011) . Activation of OsGH3.2 caused auxin-deficient morphological phenotypes and conferred broad-spectrum resistance against Xoo, Xoc (bacterial streak) and M. oryzae (Fu et al., 2011) . Consistently, constitutive overexpression of OsWRKY31, which was inducible by M. oryzae infection and auxin treatment, could up-regulate defense-related genes as well as auxin-responsive genes and thereby caused the reduced auxin sensitivity but enhanced resistance to M. oryzae (Zhang et al., 2008a) . All these observations lead us to conclude that auxin generally increases disease development in rice.
insensitive 1), a leucine-rich repeat receptor-like kinase (RLK), functions as the receptor of BR that is localized at the plasma membrane (Li and Chory, 1997) . It is known that binding of BR to BRI1 induces transphosphorylation between BRI1 and BAK1 (Li et al., 2002; Nam and Li, 2002) . Interestingly, binding of BR to the BRI1 extracellular LRR domain activated the BRI1-XA21 chimeric receptor kinase to induce XA21-mediated defense response in rice cells (He et al., 2000) . BAK1 negatively regulated cell death (He et al., 2007; Kemmerling et al., 2007) and interacted with the PRRs including FLS2, EFR, and Pep1 to activate PTI (Chinchilla et al., 2007; Schulze et al., 2010) . Thus, BAK1 appeared to function as a common co-receptor in both development and innate immunity. OsBAK1 RNAi rice plant decreased not only the BR sensitivity, but also the resistance to rice blast (Park et al., 2011) . This study indicates that the dual role of BAK1 in development and immunity is probably conserved in the dicots and monocots. Pretreatment of brassinolide, the most active BR, induced resistance to both rice blast and bacterial blight (Nakashita et al., 2003) . Since BAK1 regulates PTI and cell death in Arabidopsis, it is possible that the BR treatment activates BRI1-BAK1 complex formation and positively regulates the function of BAK1 on cell death and/or innate immunity in rice.
Intriguingly, in contrast to BR as a positive regulator in plant immunity, the root oomycete Pythium graminicola uses BR as the virulent tool to inflict disease in rice (De Vleesschauwer et al., 2012) . Exogenous application of BL and BR biosynthesis inhibitor decreased and enhanced plant resistance to P. graminicola, respectively. In agreement with this, the BR-deficient mutants were more resistant to P. graminicola. Moreover, the BR-mediated disease susceptibility was through repressing the SA and GA pathways (De Vleesschauwer et al., 2012) . Therefore, rice might have evolved distinct mechanisms to use the BR signaling for either defending against or nursing pathogens that have different infection/colonization strategies.
ABSCISIC ACID MEDIATES RICE DISEASE SuSCEPTIBILITY AnD RESISTAnCE
ABA regulates many physiological processes of growth and development. In particular, ABA has been widely studied for its role in tolerance to abiotic stresses such as high salinity, drought, and cold (Cutler et al., 2010) . Recently, ABA was also found to be prominently involved in the regulation and integration of defense responses. ABA likely acted as a negative regulator of plant defense; however, it also promoted defense through a complicated network of synergistic and antagonistic interactions with other hormone signals, which depend on the type of pathogens, developmental stages, and host tissues being infected in Arabidopsis (Ton et al., 2009) .
In rice, application of ABA or low-temperature stress suppressed host resistance against M. oryzae (Matsumoto et al., 1980; Koga et al., 2004) . By contrast, exogenous application of ABA biosynthesis inhibitor, fluorine, prevented cold-induced blast susceptibility, suggesting that de novo ABA synthesis induced by low temperature rendered rice plants with increased susceptibility to blast infection (Koga et al., 2004) , although the mechanism underlying ABA-mediated blast susceptibility is largely elusive. Exogenous application of ABA dramatically reduced ET generation in rice. This reduction appeared to be mediated by an ABA-inducible rice MAP kinase (OsMPK5) because overexpression of OsMPK5 resulted in increased levels of ABA and reduced accumulation of ET (Bailey et al., 2009 ). The rice OsERF922 gene was rapidly and strongly induced by ABA. OsERF922-overexpressing plants showed reduced expression of these defense-related genes and enhanced susceptibility to M. oryzae. The ABA levels were found increased in the overexpressing lines and decreased in the RNAi plants, suggesting that OsERF922 is integrated into the crosstalk between biotic and abiotic stress-signaling networks perhaps through modulation of the ABA levels (Liu et al., 2012) . Interestingly, suppression of the expression of OsEIN2 resulted in not only decreased ET sensitivity, but also de-repression of OsMPK5, increased ABA hypersensitivity, reduced PR gene expression, and increased disease susceptibility (Y. Yang et al., unpublished data) . Therefore, ABA-and OsMPK5-mediated repression of the ET biosynthesis and signaling at least partially contributes to ABA-induced blast susceptibility in rice.
More recently, it was found that ABA repressed the induction of OsNPR1 and OsWRKY45, two important components of the SA signaling pathway in rice, by SA and BTH treatment or by M. oryzae infection (Jiang et al., 2010) . The ABA-mediated blast susceptibility was alleviated by overexpression of OsNPR1 or OsWRKY45 in rice (Jiang et al., 2010) . Furthermore, overexpression of OsNPR1 also repressed the expression of ABAinduced genes as revealed by global expression analysis (Sugano et al., 2010) . Thus, ABA appeared to interfere with the SA and ET signaling pathway to attenuate disease resistance in rice. In support of this notion, RNAi suppression of the ABA-inducible OsMPK5 gene resulted in increased level of ET, constitutive expression of PR genes, and enhanced disease resistance (Xiong and Yang, 2003; Bailey et al., 2009 ). However, rice basal resistance against the brown spot caused by Cochliobolus miyabeanus was enhanced by exogenous application of ABA. It was suggested that ABA effects its positive role on brown spot resistance through antagonistically crosstalking with the ET pathway (De Vleesschauwer et al., 2010) . In summary, as in Arabidopsis, ABA plays both positive and negative roles in rice disease resistance, depending on the type of pathogen as well as the stage of infection.
HoRMonAL InTERPLAY In RICE DEFEnSE RESPonSE
In light of the long-term co-evolution of plant-pathogen, plants have developed a sophisticated strategy to reallocate the resource and energy from growth to defense through fine-tuning hormone pathways. Bioactive GAs promotes the degradation of DELLA proteins through the ubiquitin-26S
at Shanghai Information Center for Life Sciences, CAS on September 16, 2013 http://mplant.oxfordjournals.org/ Downloaded from proteasome pathway. The degradation of DELLA proteins releases the PIF (phytochrome-interacting factor) transcription factors that in turn activate genes that promote cell elongation (de Lucas et al., 2008; Feng et al., 2008) . On the other hand, JA-Ile enhances the interaction of the JA receptor COI1 with JAZ proteins, resulting in polyubiquitination and degradation of JAZ proteins. The JA-responsive genes are then transcriptionally activated (Chini et al., 2007; Thines et al., 2007) . The dynamic balance between JA and GA signaling is regulated through the molecular module of PIF-DELLA-JAZ-MYC2 in Arabidopsis and likely in rice as well (Yang et al., 2012) . The 'Achilles heel' in rice immunity is exploited by some pathogens such as G. fujikuroi. It secrets GAs into rice plant, which degrades DELLA protein and thus titrates out more JAZ proteins from DELLA/JAZ interaction to repress MYC2 activity. The OsCOI1-RNAi/Eui1-OE transgenic rice plants inhibit growth but regain basal disease resistance against Xoo (Yang et al., 2012; Yang and He, unpublished data) . This observation suggests that the function of JA in rice growth and immunity is at least partially achieved through inhibiting the GA pathway. Similarly, the mutual antagonism between SA and auxin is well established in Arabidopsis Zhang et al., 2007) . In rice, a number of auxin-responsive genes were down-regulated by BTH treatment in an OsNPR1-dependent manner (Sugano et al., 2010) . This suggests that SA also likely represses the auxin pathway in rice as it does in Arabidopsis.
The SA-JA antagonism has been well documented. In Arabidopsis, SA is required for resistance against biotrophic pathogens, whereas JA is indispensible for resistance to necrotrophic pathogens (Robert-Seilaniantz et al., 2011) . The antagonistic effect of SA on JA is one adaptive strategy for plants to effectively and energy-economically activate defense responses against diverse pathogens. OsNPR1 overexpression reduced the expression of JA-responsive genes and rendered the rice plants more susceptible to insect herbivore (Yuan et al., 2007) . This phenomenon indicates that the mechanism of the SA-JA antagonism is likely conserved in rice. However, OsNPR1-mediated resistance was found to be dependent on OsCOI1 function (Yang, 2009) . Further investigation on the molecular basis of the OsNPR1-OsCOI1 interaction will contribute to our understanding of the SA-JA crosstalk in rice immunity.
ConCLuDInG REMARKS AnD PERSPECTIVES
A complex network of signaling pathways mediates defense responses as well as plant development and abiotic stress adaptation. Hormonal signaling pathways share a lot of hubs for crosstalk, which include DELLA, JAZ, and BZR1/BES1 proteins. In the past decade, significant progress has been made in elucidating the roles of phytohormones in rice immune responses. For instance, the negative role of GAs in rice immunity is a breakthrough for the mechanism underlying the virulent strategy of G. fujikuroi. In general, growth-promoting hormones such as auxin and GAs are susceptible factors for pathogen infection on rice plants, whereas growth-repressing hormones such as SA and JA are resistant factors. However, there are exceptions to this generalized concept. For example, the hormone BR that promotes division and growth acts as a positive regulator of rice immunity against the blast disease. In comparison between Arabidopsis and rice, there are both similarities and differences regarding the function of plant hormones in defense responses (Figure 1 ). Several (1) Strigolactone is a critical hormone signal for the interaction between plant hosts and arbuscular mycorrhizal fungi (AMF). Does it have a role in rice defense against pathogenic microbes? (2) How do microbes hijack different plant hormone pathways for pathogenesis? (3) What is the molecular mechanism(s) underlying the monitoring of pathogen infection, repression of the growth hormones, and activation of the defense hormone signals? (4) The molecular basis of crosstalk between hormones during compatible and incompatible interactions between rice plant and its pathogens is elusive.
Further characterization of hormonal metabolism and signaling pathways should greatly facilitate the elucidation of hormonal crosstalks and their roles in rice immunity. 
